In 2001-2003, a survey was conducted of the effectiveness of restoration in the heavily eutrophic polymictic Lake Głęboczek, located in Tuchola. The application of the phosphorus inactivation method with polyaluminum chloride PAX 18 resulted in the complete removal of phosphates, and in a considerable (up to 50-60%) reduction of total phosphorus in the lake water. The sorptive capacity of the bottom sediments was enhanced after the restoration, particularly in the top layer (0-5 cm). An increase of the aluminum content and of mineral forms of phosphorus was observed, mainly the aluminum-bound fraction (at its greatest, by over 330%). The amount of mobile phosphorus in the sediments decreased by 40%. The evidence of the durable immobilization of phosphorus in the aquatic ecosystem was the limited phosphorus release from the bottom sediments. This was confirmed by a significant decrease of total phosphorus in the interstitial waters (from 4-6 mg dm -3 to 2-3 mg dm -3 ), and by a practically complete removal of phosphates from the near-bottom waters.
INTRODUCTION
Release of phosphorus and nitrogen compounds from the bottom sediments is regarded as the main reason for delayed or unsuccessful improvement of lake water quality, after the external sources of pollution have been fully controlled (Forsberg 1989 , Marsden 1989 . Consequently, it is necessary to employ appropriate restoration techniques. One of the cheaper but effective techniques is phosphorus inactivation, by precipitation of the excess mineral phosphorus in the lake water, and by its immobilization in the bottom sediments (Cooke et al. 1993 , Gawrońska et al. 2002 , Klapper 2003 . Worldwide, modern aluminum coagulants of the PAX type are being used more and more frequently. They are marked by higher effectiveness in mineral and organic substances precipitation in water, as compared with traditional coagulants (Ratnaweera et al. 1992) .
There is little experience in Poland regarding the application of this new generation of coagulants. The first time PAX was successfully employed was in spring 2001 to renovate the dimictic Lake Długie, located in Olsztyn (Gawrońska et al. 2002) . However, there are no data on this method's effectiveness in non-stratified lakes.
The purpose of this survey was to determine the effectiveness of the PAX 18 coagulant in restricting internal loading with phosphorus in polymictic lakes, as shown by the case study of Lake Głęboczek, located in Tuchola.
MATERIALS AND METHODS
Lake Głęboczek (N 53°35.44', E 17°52.26') is a small (19.1 ha) and shallow (max. depth 5.6 m) polymictic reservoir, that has for decades received domestic waste water and contaminants from cultivated fields (Fig. 1) . The reduction of external nutrient loading, attained through sewage discharge diversion, had not improved the water quality in the lake. In 2001-2003, the lake was restored two times by introducing PAX 18 to the water, in amounts of 15 tons (fall 2001) and 20 tons (spring 2003) (Łopata and Gawrońska 2006) .
Water and bottom sediments were sampled from two sites ( Fig. 1 ) once every month on average, from May 2001 through October 2003, with a Kajak sampling tube with a 52 mm inner diameter. The near-bottom water was prepared by decanting a 10-cm layer of the water over the sediments. The sampled cores of the bottom sediments were divided into two layers (0-5 cm and 6-10 cm). After mixing, the sediments of the individual layers were centrifuged for 20 min. at 3000 rpm. The water over the centrifuged sediments was regarded as interstitial. The bottom sediments were dried at room temperature and powdered in a porcelain mortar. Physicochemical analyses of the lake water and the interstitial waters were done in accordance with the methods applicable in hydro-chemical examinations (Standard Methods 1998) . The chemical composition of bottom sediments was analyzed using the methods established by Januszkiewicz (1978) and Golachowska (1977a Golachowska ( , 1977b Golachowska ( , 1977c .
Statistical processing of the data (comparative statistical analysis: t-test or Wilcoxon signed-rank test) was done with Statistica 6.0 software.
RESULTS AND DISCUSSION
The restoration of degraded polymictic lakes is commonly regarded as an undertaking of considerable difficulty (Søndegaard et al. 2003) . The reason for this is the bottom sediments which, due to considerable water dynamics, are an important internal source of nutritive elements.
As shown in the study of 2001, the main reason for the continuing unfavorable trophic conditions in Lake Głęboczek is the ecosystem's supply of phosphorus from the bottom sediments. Limited sorptive capacity of the lake deposits was displayed by the low contents of iron and aluminum (up to 7-8% d.w. in total), and by the low amount of phosphorus, despite advanced eutrophication, (2.06 mg g -1 d.w. on average, in the 0-5 cm sediment layer) (Table 1) . Simultaneously, phosphorus bound to iron and aluminum comprised, on average, only 6.3 and 4.2% of the mineral phosphorus contained in the sediment (0.065 ±0.016 and 0.056 ±0.020 mg g -1 d.w., respectively). Higher values were characteristic for the most mobile fraction (mobile P accounted on average for 4-8% of the mineral phosphorus). As a consequence of the missing effective mechanisms of phosphorus immobilization in the deposits, the content of phosphorus in the near-bottom and interstitial waters (Table 1) was much higher than in other eutrophic lakes (Zdanowski 1983) , and the concentration in the water body was typical for extremely eutrophic lakes (Fig. 2) .
Application of the Al-based coagulant was determined by the trophic conditions in the lake. Irrespective of the polymictic type of the water dynamics, high oxygen demand in the deposits caused the periodic occurrence of anaerobic conditions near the bottom. Unlike iron, aluminum's sorptive properties with regard to PO 4 3-ions, during decrease of the redox potential at the sediment-water interface, remain unchanged, which determines the usability value of the aluminum coagulants (Cooke et al. 1993 , Gawrońska et al. 2001 . The application of PAX based on chlorides, instead of the traditional sulphates, eliminated the potentially unfavorable immobilization of iron contained in the sediment through Fe-S binding. The liquid form of PAX allowed employing the dosing technique developed at the Department of Environmental Protection Engineering of the University of Warmia and Mazury in Olsztyn. This technique allows the production of an even layer of aluminum hydroxide flocs over the whole bottom of the lake. PAX 18 (polyaluminum chloride), introduced to the lake ecosystem in the amount of 35 tons caused statistically significant quantitative changes to the form and fraction of phosphorus contained in the sediments.
The major goal of the restoration was a reduction of the sediment phosphorus pool that was easily exchanged and thus available to primary producers. Many authors share the opinion that this pool consists primarily of mobile sediment phosphorus and of phosphorus bound to iron, potentially mobile in anoxic conditions (Boström et al. 1988 , Søndegaard et al. 2003 . The marked (up to 40%) reduction of mobile phosphorus (Table 1) , observed after inactivation, was the key factor stimulating improvement in the ecological conditions in Lake Głęboczek.
As was expected, the most significant changes regarded the aluminum and aluminum-bound phosphorus fractions. The content of aluminum in the 0-5 cm sediment layer increased from 3.19 ±0.54 to 3.94 ±0.51% d.w. In comparison to the pre-restoration period, the number of Al-P bonds after the first restoration phase increased by 100% and maximally by 330% after the application of the second dose. This confirms the results obtained by other authors who report a three-or even five-fold increase in the content of this fraction (Rydin et al. 2000) .
The increase of mineral bonds of phosphorus caused a considerable (by approximately 17%) increase in its total amount in the lake deposits (Table 1) .
Evidence for the improved sorptive capacity of the bottom sediments was the reduction of phosphorus content in the near-bottom waters. Data presented in Table 1 show that the amount of total phosphorus in the near-bottom water, after the second phase of the restoration, decreased from 0.49 ±0.36 mg dm -3 to 0.18 ±0.07 mg dm -3 , while in the interstitial waters of the top sediment layer the decrease was from 3.38 ±1.41 mg dm -3 to 1.44 ±0.41 mg dm -3 . Reduction amounted therefore to 200-300%, and, in both cases, was determined by quantitative changes in mineral phosphorus, mainly because of phosphate sorption on the surface of the settled aluminum hydroxide flocs. Lewandowski et al. (2003) obtained similar results.
The sizable effect of the limited phosphorus release from the bottom sediments was lower phosphorus concentration in the lake waters (Fig. 2) , and, eventually, improved environmental conditions in the lake (Łopata, Gawrońska 2006) .
CONCLUSIONS
The results presented confirm the effectiveness of the aluminum coagulant PAX 18 in the reduction of mineral phosphorus which is available to hydrobionts. The surface application of the coagulant stimulated not only the total removal of phosphates from the lake water, but, first of all, an effective immobilization, even under anaerobic conditions, of this element in the bottom sediments. The effects of Lake Głęboczek restoration indicates that phosphorus inactivation with polyaluminum chlorides is an effective and relatively cheap method for the restoration of polymictic lakes, even if they are heavily degraded.
